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APPLICATION OF THE WWTHOD OF LEAST SQUARES TO
ENGINE-COOLING ANALYSIS

CEVREEE

By Blake W. Corson, Jr.
SUMMARY

The flexibility of the NACA method of correlating
engine=-cooling dgta is shown in this report to be lmproved
when the data are adjusted analytically to the correlation
equation by the method of least squares. Engine-cooling
data, to be correlated graphlically, must be obtained from
tests 1n which engine-charge-alr flow and cooling-alr
flow are carefully controlled. The least-squares method
.18 adapted to the correlation of engine-cooling data in
which the flows of charge alr and cooling alr, 1f measured
accurately, may ‘be variled in any manner. The values of
the correlation exponents determined by the least-squares
method are unique and are not dependent upon the curve-
falring abllity of the analyst.

Curve fitting by the method of least squares 1is
discussed briefly and a solution 1is indicated for the
values of the constants 1n an equation that can be
ldentified wlth the engine-cooling-correlation equation.
The NACA method of correlating engine-cooling data 1s
1llustrated by a graphical analysis of typical engine-
coeling data. The same data are then correlated by
the least-aquares method. It 1s demonstrated that
enginee-cooling data not adapted to graphlcal correla-
tion may be easlly reduced by the least-squares method.

INTRODUCTION

The NACA method of correlating engine temperatures
with the princlpal variables that determine engine o~
temperaturea has been developed for application as a
graphical method (references 1, 2, and 3). An essential
step in the graphlcal process 1s the evaluation of constant
exponents in the correlation equation from logarithmic
graphs of data for which either engine-charge-air flow
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or cooling-alr flow was held constant for a series of
tests., It 1s frequently difficult, especlally 1n flight
testing, to maintain perfect constancy of the engine=-
operation variables, Under this condition the data

can be correlated graphically only after trilal and error
corrections have been applled. Such datda can be corre-
lated directly by the method of least squares with
precision limited only by the accuracy of the data,

When data can be obtained from very carefully controlled
tests, a graphical correlatlion of the data can be
performed more rapidly than a least-squares correlation
and with equal precision. The least~squares method 1is
recomménded primarily for the correlatlion of engine data
in which the engine-operation variables, although measured
accurately, could not be held constant. A less lmportant,
though interesting, application of the least-squares method
18 1ts use as a supplement to the graphical correlation.

If the method of least squares 1s to be applied to
the analysis of any data, 1t is necessary to know the
form of the equation to which the data are to be fltted.
The NACA method of correlating engine-cooling data
employs the correlatlon equation in various forms.

The present work ldentifles one form of the equation
with a simple expression involving three variables and
three unknown constants; the method of least squares 1s
applied to determine the values of the conatants in the
equation, Inasmuch as the method of least squares does
not require a systematic change 1in any of the varlables,
engine~cooling data involving simultaneous and irregular
variation of engine-charge-alr flow and cooling-alir flow
can be correlated analytlcally with precislon,

) The purpose of this report is to show that it 1is
practical to apply a least~squares method to the correla-
tlon of engine~cooling data. The theory of least

squares will be discussed briefly and a general solution
will be obtained for the values of three unknown constants
in an equation of three variables. Engine=~cooling-
correlation procedure will be described brilefly and a
graphical presentation of typlcal data will be supplemented
by a leaste-squares correlation of the same data. The
least~squares method will be used to correlate engine-
cooling data which cannot readily be correlated dy a
graphical method.
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A " -  ANALYSIS

Curve Fitting by the Method of lLeast Squares

The theory of least squares holds an important place
in the mathematics of observations and 1s closely related
to the laws of probabllity and the Gausslan law of error.
A useful application in observational work 1s curve
fltting by the method of least squares.

The term'curve fitting'applies to the determination
of the veluss of the constants iIn an equatlion of assumed
form such that the chosen equation 1s the best explicit
representation of a glven sat of data. If a deviation
1s defined as the difference between a datum value of the
dependent varlable and the corresnondlng value on the
fitted curve, a curve 18 regarded as representing the
best fit to a glven set of data when the sun of the
squared devliations 1s a minimum, This condition also
demands that the sum of the deviations be zero. The
form of the equation 1s always an assumptlion whether 1t
Ee admittedly empirlcal or undeniably based on physlcal

aws,

The derivatlon of convantlonal formulas for curve
fitting by the method of least squares is given in a
number of textbooks; three such textbooks are listed
as references 4, §, and 6. A simplifisd derivation will
be glven herein for an equation of three variables and
three unknown constants. The form of the equation
chosen can be 1dentified wlith the NACA cooling-
correlation equation.

Data are glven as a collection of coordinate-
values of the variables x, y, and z: (x;, y1, 21),
(x2, ¥2, 22), <.« (x,, ¥y, z,), where n 1s the

number of values. Assume that the variable y can
be represented explicitly in terms of the variables x
-and 2z by an equation of the form

y=ax + bz + ¢ (1)
where a, b, and ¢ are constants. It is desired to

de termine such valuses of the constants a, b, and c¢. that
equation (1) will most closely fit the data. Represent




4 NACA ARR No. LLH23

any point by (x4, ¥y1, %1). If x and £ are regarded
as independent variables, the deviatlon 83 of any datum
value yi{ from.the locus of equation (1) is

64 =¥y4 - 7%
84 =y4 -axy - bzy - ¢ (2)
According to the theory of least squares, squation (1)
will best fit the data when the sum of the squared

devlations 1s a minlimum, Let the sum of the squared
deviations be S; that 1s,

S = 512

Insofar as the coefflclents &, b, and c¢ may affect
the value of 8, +thils value will be a minimum when

35 _ o 88 _ o 85 .
3a =% 0 35 =0

A squared deviatlon 1s
612 = (yy - axy - bzg - ¢)?

2 _ 2

51 = yiz + a 2

x12 + bzzi2 + c
-2axiy1 - Bbziyi - 2¢yy
+ 2abxyz4 + 2bezy + 2acxy

“Sum the squared deviations and drop the subscripts. Then,

i=
S = Zr‘biz = Zyz + aZsz + bzzzz + n02
1=1 - ZaEE;y - 2bz:zy - 2cz:y
+ 2abez + Zchz + 2ach
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_..The partial derlvatives gf-_s with respect to a, b, and c,

e . Tae -

respectively, are ~
%% = 2a§:x2 + QbZixz + 202:; --Zz:xy
%% Zasz + 2‘:)[22 + 202__2 - ZXZy

Q
08 zaizx + Zﬁz;z + 2nc - éi:y

oc
The partial derlvatives equated to zero yleld
three equations

ngxz)a + (E:}f)b +(§Z:x)c-=:£:xy
(sz)a + (Lzz)b +(§ z)c =zzy
xja + Z)b + nc = '
(Z) (Z ) ry y
The equations (3) solved simultaneously glve the
valuss of the constants a, b, and c¢ that will make
equation (1) best fit the data. A general solution

for the values of a, b, and c, with a numerical example,
1s given in appendlx A.

(3)

——

In order to obtain the values of the constants a,
b, and c, elther graphlically or by the method of least
squares, the experimental values of the original data
must uactually contaln sufficlent informatlon for the
purpose. It 18 deslirable to have a large number of
test polints covering a wide range for all the varlables.
Occasionally, the simultaneous equations (3) are nearly
exact multiples of each other, for which case the values
of a, b, and c¢ would be indeterminate. This result
may be due to insufficient range of the data. The
solution of equations (3) may sometimes appear inexact
when dexurmined ty ratlos of small differences between
relativaly large quantitles. It must be remembered
that the sums of the squares and products of the datum
values are accurate to the same number of decimal places
as the Individusl values; small cifferences batween
large sums are likewise accurate to that number of
decimal pluces. The detall requlred in the calculatlons
therefore mekes desirable the use of a calculating machine
in solving equations (&).
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Advantages of least-Squares Method

Curve fitting by the method of least squares has
several advantages over a graphlcal method. One
advantage 1s that the determined wvalue of each constant
1s unique. Least-squares computations performed wilthout
error and wlth the proper precision can yleld only that
value of each constant which the data determilne. The
human element 18 not lnvolved as 1s the case wlth graphl-
cal falring.

A second advantage 1s the quantitative measure of
the deviation of each datum value from the best determi-
nable value. Using datum values of the independent
variables x and 2z permits the corresponding deviation
of y to be computed by use of equation (2). A small
value for the sum of the deviations (1deally zero) indi-
cates that the computations are probably free from error.
Experimental values that have a deviation greater than
the estimated experimental accuracy may be dlscarded.

A repetition of the work then ylelds much more reliable
values of the constants in equation (1). The squared
deviations may also be tabulated and the standard devia-
tion and a simple form of the probable error computed
by equations (4) and (5), respectively, as

, 2
6
Standard deviation = % zin

X

(4)

(5)

Probable error = +0,67

The standard deviation represents a mean deviation for
all the data. Probable error is the limit of error
for one-half the experimental data.

APPLICATION OF METHOD OF LEAST SQUARFES
The Fngine~Cooling-Correlation Equation

The engline-cooling-correlation method was developed
to coordinate engine temperatures wlth the principal
varlables that determline engine temperatures. A few
tests made under carefully controlled operating condi-
tions, easlly attainable in a wind tunnel or on a
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test stand, serve to establish an snglns-cooling
correlation. This correlation may then be used to
proedict engine temperatures that result from spscifled
operating conditions or to determine operating condl-
tions requisite to maintain specified temperature limits.

In order to make cooling tests of an alr-cooled
engine for preaentation by the eorrelation method, it is
necessary to obtaln, as basic data, measurements of the
quantities listed iIn the following table of symbols:

Th refersnce head temperature (average indication of
all imbedded head thermocouples, or all rear-
spark-<plug pasket thermocoupless, op

Tq cooling-air temperature (stagnation-air temperature
in front of engine), OF

Ty engine charge-air temperature ahead of carbursetor, Op

o) cooling-alr~density ratio based on stagnation
denslty in front of engine

An cooling-alr nressure drop across the engine,
inches of water

e Woelght rate of charge-air flow (without fuel),
pounds per second

i) engline crankshaft spesd, rpm

r blower gear ratlo

da blowsr impeller diametgr, feet

A complete list of symbols apoears in appendix B.

The principles of englne-cooling correlation and
the development of the technigue of applying these
principles are set forth In references 1, 2, and 3.

A genaral statement of the corrslation principle is
that the ratio of cooling-temperature differential to
heating-temperature differential 1s-a function of a
relationship between internal flow of heating fluid
and external flow of cooling fluid. This relationship
is expressed by )

Th -~ Tg L5

Te - Tt (o_ap)P (6)
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In equation (6), c¢y; 18 a constant, a and b
are constant exponents associated with We and 0gAp,
respectively, and Tg is the mean effective gas tempera-

ture, which is defined in references 1, 2, and 3. The
mean effective gas temperature is a hypothetical average
temperature used in engine-~analysis computations to
replace the continuously varying actual temperature of
the charge and combustion products within the engine
cylinder. A procedure for computing the value of the
mean effective gas temperature is given in reference 7
for the Pratt & Whitney R-2800 engine. Equation (6)

is an englne-cooling-~correlation equation based on
cooling-air pressure drop. For simpliclity, only thils
form of the equation will be used in the present report,

Graphical Correlation

The value of the exponent a can be determined
graphically by plotting on logarithmic coordinates the
ratio of the temperature differentials agalnst welght
flow of charge alr for tests in which the fuel-alr ratio
and sea-level cooling-alr pressure drop OgAp are held

consatant. A plot of this type is shown in figure 1

(data from table I, test 241 Test numbers used

herein are taken from reference 7, from which the data
were obtained. The slope of the line, 0.565, 1s the
value of the exponent a. A similar plot of the ratio

of temperature differentlals agalnst sea-level cooling-
air pressure drop OgAp yilelds the value of the exponent b.

For the determination of the exponent b, tests must be
made with the welght flow of engine charge air held con-
stant and the fuel-air ratio held at the same constant
value as that used in the tests to determine the expo-
nent a. A plot of the type ugsed to determine the value
of b 1s shown in figure 2 (data from table I, test 240).
The slope of the curve, -0.321, is the negative valus

of the exponent b.

The engine-cooling correlation (equation (6))
corresponding to the data presented in figures 1 and 2
can now be written as

Th - T ) c 6>0 .21 -
Tg - Th = oaAp OgAD

= ey =, x D -
r - T TR IR = O o ams AT

. . - . -
il e I R
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The valus of the constant c¢; can be established with

the same data as that used to find a and b by plotting
the ratio of temperature differentials agalnst the

relation Wéa/b aAp). Such a plot is presented in

figure 3, 'which 1s the graphically established engine-
cooling correlation. The value of the constant

cy = 0.560 was computed from coordinate values read
from the faired curve. The graphlcally determined
corralation is given by

0.321
- Je 0.560 Caldhe
m - Y W

a

In order to use the correlation curve or equation

1t is necessary to kmow the varlation of reference mean
effective gas temperature TSBO with the fuel-alr ratlo;

a typical plot is shewn in figure 4. The subscript 80
indicates that the values of mean effective gas temperature
were determined when the ‘charge-air temperature Tg

was 80°F. The curve in figure 4 was established
(referance 7) by use of equation (8) with the data from
table II, tasts 242 and 244. Mean effective gas tempera-
ture corrected for carburetor-alr temperature and blower-
temperature rise can be computed from equation (9) and
rigure 4:

r24% "

d 2
Ty = T a0 * o.a[&e - 80 + 315 (N /1000) (9)

(8)

The darivation of equation (9) is given in reference 7.

Least-Squares Correlation

Two woalmesses exist in the graphical correlation
procedure jJust described. One weakness 1s the necessity
of maintaining a constant value of cooling-air pressure
drop ror one series of runs and a constant value of
charge-air flow for another series of runs. To hold
experimental values perfectly constant is not possible.

A greater source of uncertainty is that, in falring the
construction curves (figs.l and 2), evaluation of the
exponents & and b depends upon the discretion of
the anelyst. The use of least squavres removes both
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of these difficulties. ©Equation (6) expressed loga-
rithmically gives '

- Ty N
log TET__TE = a log Wy + b log (0g4p) + log c3 (10)

In equation (10) the signs of the constants have been
deliberately ignored because determinatlion of the signs
of the constants is of necesslity performed in solving
for their values.

The following identities should be made of values
in equations (1) and (10):.

Y= 1og(;2—:—;5

x = log Wy

z = log (0 4p)
= 8a

b E‘b

¢ = log ¢

Equation (10) can now be written in the form of equation (1)1
y=8ax + bz + ¢

.and the values of the constants a, b, and c¢ deter-
mined by the simultaneous solution of equations (3).

Inasmuch as there are three unknown constants in
equation (1) ( or (10), at least three test points must
be known in order to solva for the values of the constants.
If only three points are known these may be substituted
directly in esquation (1) (or (10)) and the resulting
three equations solvéed simultaneously. The values of
the consteants a, D, and c¢ 8o determined will yleld
an squation satisfied by each of the three test polnts;
there can be no deviation of a point from the curve.
Unless the data are very accurate, the final equation
may be greatly in error. The use of only three test
points to determine- the values of the three constants
is the limliting condition for application of the
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least=-squares correlation; when the number of datum
values is increased, the reliabllity of the final equa-
tion 18 improveda. ~~ "7 "7 s omm - -

The most laborious computations involved in the
application of least squares are those by which the sums
of the variables and thelr cross products are obtalned.
These computatlions can be simplified by the use of forms
for systematlc tabulation simllar to table IIT. The
first three columns of table III contain datum values
of the correlation variables taken from table I. The
logarithms of the variables are listed in columns 6, 8,
and 10, respectively. In the remaining columns, through
1l, thore are listed the cross products and squares of
the quantitlies in columns 6, 8, and 10. The order of
tabulatlion was chosen for convenience in making these
computations. The sums of the squares and cross products
obtalined in table III have been used to set up equa-
tions (11) of which equations (3) are the type:

1.97933a + 7.90275b + G.12224c = -2.95038
7.90275a + 33.24726b + 25.,50250c = -12.58602 (11)
6.12224a + 25.50250b + 20c¢ = =0.74261

The simultaneous solution of equations (11) yields the
followlng values for the constants: (See appendix A4.)

a = 0.578
b = =0.300 -

The accuracy of the computations snd the precision
of the correlation have been evaluated by the computa-
tions performed in columns 12 to 16 of table III. The
individual datum values x have been multiplied by the
determined value of a and the products ax 1listed
in column 12; similarly, in column 13 are tobulated
the products bz. For each individual datum value,
then, the sum of columns 12 and 13 and the constant ¢
is tabulated in column 14, identified by

f (x, 2) =ax + bz + ¢ (12)
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Points established by equation (12) 1lie on the curve of
best fit; hence, the devliation of a datum value y of

the dependent variable 1s determined by 1its difference

from the poilnt of best fit.

6 =y - f£(x,2)

The deviations of the datum values of y from the curve
of best fit are tabulated 1n column 15, and the squared
deviations are tabulated 1n column 16. The very small
value of the sum of the deviations indicates that the
work is probably free from computational error. The
sum of ths squared devliatlons has been used to find the
sggn?g§d deviation and probable error, equations (4)

a *

The values of the constants a, b, and ¢ deter-
mined by the work in table III were not regarded as final.
A study of column 15 showed that the deviatlons of five
of the test points (runs 7, 8, 9, 13, and 15) were
.conslderably larger than the othor deviations. These flve
points were eliminated from the array of data and a
redetermination of the wvalues of the constants was
performed in table IV. These values, which are
regarded as more reliable than those of table III,
are shown in the following list, which 1s arranged for
a qulck comparison with the values obtalned in table III
and the values obtalned by the graphical method:

First least- Final least-
Graphical squares squares
me thod correlation correlation
(Table III) (Table IV)
n = 20 n =20 n =15
Bxponent a 0.565 0.578 0.576
Exponent b 0.321 0.300 0.304
Exporent a/b 1.76 1.92 1.89
Constant ¢ -0.281 -0.276
Constant ¢ 0.560 0.523 0.529
Standard + +
deviation =0,0099 *0,0089 ¥0.0051
Probable
error +0.0066 $0.0060 10.0034
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The standard deviatlon and probable error shown in
the preceding table for the graphical method were obtained
by using the devlation of datum values from the loga-
ritimic form of equation (8). The standard deviation
1s a measure of the mean scatter of test polnts from the
fitted curve. Usling standard devliatlion as a basls for
comparison, the final least-sguares correlation (table IV)
ylelds the equatlion of these three equations that best
fits the data. The englne-ccoling-éorrelation equations (13)
and (14) obtained by the least-squares method are directly
comparablé with equation (8) obtained graphlcally:

First least-aqueres correlation (table III)

T T o 1.9210-300
e = 0.523 | 5opm— (13)
&  "n CgdP
Final least-squares correlation (table IV)
— w 1.80\0+304
T-h—_—TE = 0.529 a—e-l—p;— (14)
23 h a

In order to show how well these equations fit the
data by which they have been established, equation (13)
1s shown plotted in figure 5 and equation (14), in fig-
ure 6, The first least-squares curve (fig. 55, which
was established by the same data as were used for the
graphlical method, 1s directly comnarable with the
graphical curve (fig. 3). The final least-squares
curve, flgure 6, 1is established by select data (table IV)

and 1s regarded as a close approach to the best possible
edjustment.

A main purpose in applying the least-squares method
to the correlatlon of englne-cooling data 1s to provide
an exact and systematlc means for finding the values of
the constants in the englne-cooling-correlation equation.
Precise correlation may not be very important as regards
temperature predlction but in engine analysis every
effort should be mmde to obtain the hlighest possible
precision, Two different correlations have been estab-
lished with the data 1listed in table I: the graphical
correlation_sequation (8)) and the final least-squares
correlation (equatlon (14). A comparlison 1s shown in
figure 7 of the average cylinder-hsad temperatures for




14 NACA ARR No. LLH23

two different operating conditions calculated by equa-
tions (8) end (14) as functions of cooling-alr pressure
drop. The reasonably close agreement between the
temperatures predicted by the two equatlions shows that
for temperature prediction a precise correlation is not
necessary. On the other hand, thé agreement between
the values of the exponents obtalned by the first and
final least-squares correlations (tables III and IV)
shows the exactness of the least-squares method. The
fact that both least-squares correlations yielded equa-
tions from which the standard deviatlon of the data was
less than that for the graphlical correlatlon indicates
the greater preclslion of the least-squares method.

THE CORRELATION OF MISCELLANLOUS
ENGINE-COOLING DATA

In the comparison of the least=squares method of
correlating engine-cooling data with the graphical method
1t was stated that the practice of msaklng one serles of
tests wlth constant coollng-alr pressure drop and
another with constant englne-charge-air flow was not
essential 1f the data were to be correlated analytically.
In order to demonstrate this fact, special engine-cooling-
correlation tests were made and only the fuel-air ratilo
was held constant (approximately 0.08); the engine speed,
charge-air flow, and cooling-alr pressure drop were
deliberately varlied from test to test. The data obtalned
during these special tests and the engine-cooling-
correlation computatlions are presented in table V. A
brief study of table V wlll show that the data are not
sulted to graphical .enalysls. A least-squares correla-
tion of all the data of table V (17 test points) is
performed 1in table VI, Thls correlation showed three
of the test points (runs 15, 17, and 18) to have rather
large deviations. These three test polnts were omitted
from the array, and a final least-squares correlation was
rerformed in table VII. The values obtalned for the con-
stents were: a=0.563, b=~0,305, and c = log cl=-'0 271;

the corresponding engine-cooling correlation, expressed
by equation (15), is plotted in figure 8:

Th"Ta_ w1850305
=8 - 0,535 S (15)
Tg - Tn Calp
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—-+- The dlfferences between the correlations, equa-
tions (1) and (15), may be dus to changes in the éngine
cowling made between teat 2l;1 and test 363 and also to
differences in fuel. In tests 240, 241, 242, and 2L,
100-octane blue aviation gasoline was used, whereas
in test 363 the fuel was 100-octane green aviation gaso-
line containing aromatic compounds., The dilfferences
between equations (1) end (15) are actually within the
experimental accuracy of the engineé test data. Equa-
tion (15) and figure 8 show that engine-cooling data not

adaptable to graphlical analysis may be readily correlated
by the least-squares method.

If miscellaneous engine-cooling data 1n which there
was no systematlc varliatlion of charge- and cooling-alr
flows and for which the fuel-alr ratio was not held
constant are avallable, an approximate correlation can
be obtained by use of the least-squares method and an
assumed varliation of mean gas temperature with fuel-air
ratioc., The reference mean effective gas temperature
T880 of the charge and combustion products in an engine

cylinder is a physlcal characteristic of the fuel-alr
mixture and should be more or less the same for englnes
of a glven type. This fact 1s borne out by similarity
of the variation of mean effectlive gas temperature with
fuel-alr ratlo for various alr-cooled engines (refer-
ences 1, 2, 3, and 7). Only very small error should
result from the use of the gas-temperature curve,

figure 1, with data obtained from any alr-cooled engine.
Use of thls curve makes possible the evaluatlion of the
ratio of temperature differentlals, The subsequent
correlation of the data may be performed graphically,

if the data are sultable, or by the least-squares method
in any case. An approximate correlation of mlscellaneous
cooling data obtalned by use of an assumed gas-temperature
curve should be useful at least for predlcting englne
temperatures.

A danger 1n using the least-squares procedure 1s in
the temptation to attribute greater accuracy to the con-
stants of the correlation equatlon computed by this
process than 18 warranted by the accuracy of the data.
There 1s no method or procedure for handling data that
obviates the necessity for good Jjudgment on the part of
the analyst.




16 NACA ARR No. ILH23
CONCLUSIONS

The applicatlion of the method of least squares to
supplement the use of the NACA englne=-covollng-correlation
equatlion leads to the followlng conclusions:

l. Engine-cooling data, including data not edaptable’
to graphlcal analysls, can be correlsted with precision
by the method of least squares,

2. The values of the constants 1ln the correlation
equation determined by the method of least saquares are
unique and are not dependent upon the curve-falring
abllity of the analyst.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Fleld, Va.
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" " 'APPENDIX A -
GENERAL SOLUTION FOR THREE SIMULTANEOUS EQUATIONS
The constants a, b, and c¢ of equation (1) may

be evaluated by the simultaneous solution of equations (3),
namely: \

(sz)a + (sz b + (Xx)c =Y xy
(sz)a + (Zzz)b + (Zz)c = ~Zzy
(Zx)a +(Zz)b + nc =ZY )

The summations indicated in each of these equations may
be identlfled es follows:

Zx2=A
sz=B

Zx =0 = 6.12224
= 25,50250

A 4

(3)

1.97933

7.90275

M
i
o

z2 = ® = 33,24726

Y xy = F = -2.95038

Zyz = @ = -12.58602

5_— ¥ = H = -9,74261
where the numerical values are obtained from table III
(or equations (1l1)), in which n = 20. If determlnants
are used to solve equations (3), the minors involved in
the process may be identifled as follows:

M) = nE - D° = 14.56769

Mo = CD - nB = -1,92257

M.’S = BD - CE = =2,00783

‘Mg = nA - C® = 2,10478

=
!
a

AD = =2.09533

Mg = AE - B® = 3.35384
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The four determinants necessary to the solution may be
evaluated by use of the mlnors and summation 1dentitles:

Ay = AM; + BMp + CMg = 1.34826

A = FM; + GHp + HMz = 0.77878

FMp + GMy + HMg = =0,40451

FMz + GMg + HMg = ~0.37943

The constants may be evaluated by the followlng ratlios:

0.57762

b = +— = =0,30002

c = 5] = -0.28142

The numerical work performed in this appendix has
been carrled to flve decimal places to maintaln computa-
tional precls=ion. Because the orlginal data were
accurate to only three slgnificant fligures, only three
significant figures are retained 1in the final answer.
Trhe values used are therefore

a = 0.578

b



NACA ARR No. LLH23 19

......APPENDIX B
SYMBOLS

engine crankshaft speed, rpm

cooling-air temperature (stagnation-alr temperature
in front of engine), °F

englne charge-air temperature ahead of carburetor,
F

mean effective gas temperature, °F

Iincrement of mean effectlive gas temperature
Sce reference 7)

reference mean effective gas temgerature (for
800 F charge-alr temperature), OF

reference head temperature (average indicatlon of
all imbedded head thermocouples, or all rear-
spark-plug gasket thermocoupless, oF

welght rate of charge-air flow (without fuel),
1b/sec

a,b,c,cq constants

a

n

Ap

blower impellsr diameter, ft

number of test points

cooling-air pressure drop across the engine,
in. water

blower gear ratio
deviation of a datum value from the fitted curve

cooling-alr-density ratlo based on stagnation
denslty In front of engine

log ¢4
108 w°
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Th -~ Tg
log\ Ty - Ty

log O0gApD

NACA ARR No. LLiH23
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TABLE I
COOLING DATA AND CORRELATION COMPUTATIONS

P. & W. R-2800 B-series engine, low blower,
imbedded thermocouples, nonaromatic fuel.
Data from reference 7.] NATIONAL ADVISURY

COMMITTEE FOR AERONAUTICS

¢column | 1 2 3 4 5 16 7 8 9 10] 11| 12 { 13 i 15 16 17 18 19
. Carbu-
Brake | Ch‘§5°' Fuel | Fuel-|T retor | xq 0, 8p ol | T T W w 1.76 w 1.92 1.89
Test| Run [norse-|. & e | riow air | 8gg [temper-| 78 a s B} "g| b 8 ° L Wy L+92 w,1-89( Mo
power (1b/hr) (1b/hr)| ratiof (OF) ?3;?‘ (°F) |(1n. water)| (°F)| (°F)}| (°F)|Tg -~ Th{(1b/sec)] OalP ° adp | ° | gadp
240} 1| 1100 {2120 8040 640 10.0796{115L 1 68 69 L43.0 6 | 331112231 0,26l 2.2 0.096 .68 10.10 ?'
21 1100 | 2120 | 7973 646 .oglo i1 70 e 36.9 37 339/1212 .27% 2.2;% .120 i.so .12? ﬁ.ggﬁ O:igg
a 1100 | 2120 | 7987 éLo .0802{1148| 71 72 31.1 99 | 255j1220| .293| 2.220 JA31 | hl.62 | W49 | k.52.] LU
1100 [2120% 7937 | 630 .Ogg% sl 713 73 25.6 100 | 367|122 3101 2.203 3157 | heS6 .173 h.ﬁs: a7
5] 1100 | 2120 | 7803 630 . Lz 73 73 1.3 101 | 385|121 342! 2,170 .203 +.Z§ 230 | 433} .2
6| 1100 {2120 | 7770 613 .0788{1160] 7 77 | 13.1 100 08|123 372| 2.160 «296 .
g 1100 {2120 | 7750 613 .0791} 115 g 7 9.3 97 | 437 1257 . 77 2.1%3 538 1.5 k-2 :
1100 {2120 | 7790 615 .0790 113 1 0 30. 102 671123 304 2.165 126 ;.il
9] 1100 (2120 | 7677 619 .0806{1 80 79 1.9 99 03112 .370| 2.131 +25, I .28
10| 1100 | 2120 [ 7830 623 .0795(115 8o 79 31.1 102 | 36211233 .299| 2.175 .12 445
12 | 1100 2120 | 7855 613 .0780121671 T 72 31.4 1 012 .291] 2.181 .126 .
1% | 1100 | 2120 72 3 592 .076511180 0 1 iz.g 31 §3u 1232 .335 2,151 197 i.%Z
1100 | 2120 ; 769 592 076911176 7 9 R 2 9711, g 3601 2.138 257 | lse30
15 | 1100 {2120 | 757 565 O746(11 0 1 lﬁ.s 7T 321 12 23 2,105 390 | Ll
14 | 1100 {2220 | 7708 603 .078211165 7 9 f o7 91 | 396|123, . 2.1l .260 | ho32
24| 1| 600 {2120 | 4647 L7 07461198 0 71 13.5 8, | 338{1268] .2 1.291 116 | 1.6 12 1.62
2 800 :2120| 5793 ish 078, 1183 65 | 70 13.5 85 | 2o¢ 1233 .533 1.609 35 2:23- :17§ 2.46 :i%g
Pl 50| Be | 4 oS8 |5 BL B || Ry | |0 | | o
5| 600 |2120 | 4B13 | 355 | 0769|1178 | 70 | 7i | k.2 B | Stue| le| 3L | 3 1B 315 6 | 3

*ON Y¥¥V VOVN

2gHY 1

- 338
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TABLE I

COOLING DATA AND COMPUTATION OF GAS TEMPERATURE

"ON WMV VOVN

¢3HP1

- P. & W. R~2800 B-seri ine, low bl R .
: [imbedded thermocouples, monarcmaric fusy. NATIONAL ADVISURY
Data from reference 7. | COMMITTEE FOR AERONAUTICS
Column | 1 2 3 N 5 6 7 8 9 10 11 |12 13| 1] 15
h N C&rbu- . 1 76 T ~'
Brake | \ (CRATEe"| pyey Puol-| retor |.AT|  o,sp Wy (W m-n i || Teg,
Test| Run horse- flow air temper- 0
power (rpm) ({%7;r) (1b/hr)| ratio a?g;? (°P)| (in. water)|{(1lb/sec)| 0gAp Tg = Th (°F) (°F)| (°F) (;1§3h)
800 |2120 820 61 |0.0801 78 4.7 1.617 [0.159 | 0.309 | 362| 97 {1220| 11l2-
A2 % 800 {2120 27 0 tzh .gzgo g 7 %2.0 1.295 151 1 .303 | 368 98 }1260| 1183
800 |2120| 5780 3gh . 0681 0 9 .8 1.606 | .155 | .30 31 9 1220 11 %
Z 8oo |2120 2 0 382 .0653 8o 79 1h.g 1.65& JA57 | .30 522 98 11265 11
8oo |2120 133 373 .060 80 9 1. 1.5 JA72 | 318 | 3 98 [1210] 1131
2 8oo }2120| 6740 | 385 .0571 81 0 15.0 1.871 | .201 | .334 | 350 99 |1101] 1021
800 |2120 0 2 o781 81 8o 1. 1.603 | .15 .307 | 371 | 98 |1260] 1180
g 800 |2120 ?%30 %36 .02%5 82 81 1&.3 1.609 | .15 .50& 376 | 99- (1275 11
9| 800 |2120 Za 0 | 390 | .0530| 78 4.9 2,049 | .237 | .352 | 33l (99 |1005| 92
R IR IR A
11| 800 {2120 0 . . . . . :
12| 800 |2120§ 3337 ﬁos .Q707 72 73 15.1 1.592 | 152 | .3 36l | 92 |1255 ;1182
11400 {2120} 10533 | 113 .1081 56 60 15.1 2.926 | 438 | 429 |[337179 | 94o f 880
2 2 ﬁoo 2120 10360 103 .1011 | 9 62 112.2 2.350 hﬁh 430 1390181 | 975| 91
14,00 [2120| 9853 890 0904 0 6 1.9 2.73T | +395 | 412 |3 82 1111 |1
z 1110 {2120 763g 608 0791 61 6 15.1 2.139 | 252 | .359 {377 |81 |1200 | 1136
2 1100 [1749| 176 605 .07 61 39 15.3 2113 | . .522 362 | 81 1125 1116
1040 |2501| 7688 606 .07 61 85 .5 2.1ﬁ£ 265 | . 397 | 31 1266 | 1171
7 [1630 00| 13117 {190 1136 61 6 13.9 2.6 <701 | 499 |356 |83 | g0l | 818

€3



TABLE III

FIRST LEAST-3QUARES CORRELATION OF ENGINE-COOLING

DATA FRCM TABLE I NATIONAL ADVISURY
COMMITIEE FOR AERONAUTICS

Colusn 1 2 3 L 5 é 7 8 9 10 11 12 13 iy | 15 | 16

Wo [Th-T4 %dp 2

xz x x xy y yz x 22 ax bz (x,z) 5 &2
(1b/sec) Tg- T, {(in. ‘water)

*ON Y¥V VOVN

¢3H¥T

20| 1§ 2.234 | o0.26) L3.0 0.57021) 0.12186}0.34908|-0.20191-0.57840{ -0.94484 1.63347 2. 66822 0.20163 -o.h9001 0.56981 -0 00859 0.0000"
21 2.215 277 36.9 WSh121 .11928) .34537 -.1&‘55 -.59752| -.B736 E 1.3'6705 2 Lu; 19949 .h'(o -455202 +0000,
2,220 .293 31,1 . 31702 2119961 .34635 -.53 1& -.7958M 1.[9276 2 22 .20005 | -.4h780 .52918 .005 .00002
E 2,203 | .310 25.6 830 ,11766( .34301| - 2&5 -.2086 -.71629 1.408 219812 | -2 50575 .0022 .00001
5] 2.170 32 19.3 h3251+ L11321) L33646| - 15 -.L6s597 - 59905 1.2895 1 526 L1543) -.585 L | -47273 .0067 00005
6| 2.160 372 13.1 37 L1186 W33445 | - 14363 -.L2946 1.11727) 1.24829| 19318 | -.33516 | -.L2341 | -.006 . 00004
g 2.153 o 77 9-; . 2365 .11092 .55505 -.12303 -.36957 ZE Z 97372 .13256 -2 201 -.38 08 .015% .0002],
2.1565 30 30, . 3935 .11253 .3331;, -.17 -.21713 0275 8855 2.21278 .13376 - 651)* - .01708 .o_ooiz
9| 2.131 +370 U9 38543 .10796| .32658] -.14188] -.43180| -.5 1.17319{ 1 57 37 | 18979 | -. 13 - 57 011 . 000
10 | 2.175 .299 31.1 50375 113 33706 | -.1769%| -.5233 .78270 1.492761 2.22833 | .19492 780 - +00998 | 00010
12 | 2181 «291 31 506951 <11469] .33866 | -.18156 3611 -.80252! 1.49693| 2 .19561 | =, - -.0012k 0
1 2.151 .325 izg 429121 ,11065] .3326) | -.16326 -.63315/ 1,29003 1 6h18 .13215 -“5‘233 Z’?g -0 3212‘ .00021
IR EE F EE gr; Sp e g | s Tl el o
. . . . . . -. . . . - . -. .0002
16 | 2.1 «360 1&.7 -38594! .10931| .33062| -.14511 .l .51253 1.12752 1.522 4 1 «19097 | -.35017 .ﬁhoé»a <00173 }0 7
211 11 1.291 273 13.5 12539 .01231| .11093 | -.06255 | -.5638L | -.63733|1.13033| 1. 27 65 | 08407 | =+33908| -.556 -.00740 | .000
b 2 | 1.609 .309 1)2.5 +239 .g)ézs'z 20656 -.10552 5100l .59255 1.16137| 1 73 .11931 -.5&352 xogdf .oog!l_i(g 0 %
PR e Mg | ) S ) ohiE) cent - @56 il el | el | i) s oo
511.282 | .2 1.2 12432 :onéh 10789 | -.06032 | -.55909 3|1.15229 1'52777 .06232 -:51;5%2 -.56477 | .00568 | .00003
20 Sum 70902751 1.97933 |6.1222}; {-2.95038 [-9.74261 {-12.58602|2550250!33.2,,726 Swm o.ooooi 0.00157
8= 0.578  giondard deviation = $0,008 '
: it :g:zgg Probab;e :rrg: = 10, 0068

3



TABLE IV

FINAL LEAST-SQUARES CORRELATION OF ENGINE-COOLING

DATA FROM TABLE I

NATIONAL ADVISURY
COMMITTEE FOR AERONAUTICS

"ON YY¥V VOVN

—
Column 1 2 3 L 5 6 7 8 9 10 1 12 13 11 15 |5 16 g
o
L T~ Tq Cgahp
Test| Run 2 2 b 8
s (10/s0¢)| Tg T [(1n. water) xz x x xy y n” z z ax z f(x,z) 6 .8
2hof 1] 2.23L |o0.264 L43.0 0.57021 (0.22186 0.34908{-0.20191 |-0.578440 |-0.94};80| 1.63347 | 2.66822 |0,2010) [-0.49693 +0.57216 |-0.0062; o‘.oooob,
2 2.215 277 36.9 Sh121| .11928( 34537 -.18255 -.55752 -.87533 1.26705 2.&5358 +19890 1 -.47672 | -.55409 -.00343 | .00001
a 2,220 293 3.1 .31702 .11996) .34635| -.18465{ -.53313 | -.79580 1.49276 | 2.22833 | .19946 ""5&3 -.53090 | -.00219 {0.
2.203 «310 2546 Ai830l | 11766 34301 -.172);5 -.5086l | -.71629 1.).;082)2 1.983 19750 | -.L426 -.5071, | -.00150 (0
5] 2.170 o3 19.3 43254 | L11321) 33646 | -.15678 | -.L6597  -.59903( 1.28556 | 1.85266 | .19377 | -.39109 | -.47359| .00762] :.00006
61 2.160 o372 13,1 37367 L1186 33445 ( -.14363 | -.h2ok6 | -.47982] 1.11727 | 1.24829 | .19261 | ~.33990 | -.42356 | -.00590 | -.0000
10| 2.175 «299 31,1 50375 .11388 '353%6 -.1369§ -.52433 -.gga'(o 1.49276 ] 2.228331 .1943L | - [i5413 -.55626 .0‘1?75 14000
W 5ash | 3o | IR | 3063 1%dsd| 2dons| Tiibbss| T:iforo| Tioeadt|1:A7egR | 23000 | 1a9R03 | 1hgl | -opetk| 000310
%% 2. Y T 5850 | -10931| -33062| -.1l511 -:u;g9o -.5123)] 1:1Z752 1.3628) | 13040 | --35512 | -.kLogs| .00209 {0
24 1[1.291 273 13.5 212539 | 02231} .11093| -.062 -.5638, | -.63733] 1.13033 | 1.27765 | .06 -.34387 | ~.55626 | -.00758 00006
EAEAR:IE (FF B R e ik R
. . . . . . - -. - 9f 1. . . - -J160171 .00300| 06001
2.507 37 U Deosh | 13181 .36305( -.15339| -.42251 "é 421 1,15836 | 1.34180] .2 -.35240 -.éx - 2] .0000
5| 1.282 276 4.2 12432 01164 .10789 -.02052 -.55909 | -. 3 1.12229 1.32777 .060213 -.5?055 -.56323 .88522‘0 .oooog
=15 Sum  {5.94411 [1.143278)L.46927 |-2.21793 [-7.52881 |-9.91635119.5862) [26.06127 Sum |-0.00007 {0.00039

_3'376 Standard deviation = £0.0051
_0:2.% Probable error = ¥0,003L

aoe
(L]

G2



TABLE V
vOOLING DATA AND CORRELATION COMPUTATIOXS

[P. & W. R-2800 B-series engine, low blower,
imbedded thermocouples, aromatie fuel. NATIONAL ADVISORY

Uopublished data.] COMMITTEE FOR AERONAUTICS

Column 1 2 3 L 5 6 7 8 9 10 11 |12 13 1 15
Charge Carbu- ;1 85

Brak: | Fuel Fuel-| T ret AT 0 .A T T T T, =T w W

Test| Run hg;s:- ‘N air flg' a:r €80 tempS;- g a’P & h g |h a ° i

power |(rpm) | flow |1y mp)l ratio| (OF)| ature | (°F) |{(in. water)] (°F){(°F)| (°F) [Tg~ Th |[(1b/sec)| OadP
(1v/hr) (°F) i :
363 1] 1190|2120 8010 632 |o0. 0g89 1158} 99 62 11.0 59.0 Lo3|1220( 0.3971 2.22 o"‘.5921
2] 1020 | 2120 000 60 .080011150| &0 63 10.8 0.0} 390[1213 .37g 1.223 3167
860 | 2120 010 66 0775{ 1167 64 66 10.8 73.5 37111233 o3l 1. «2389
ﬁ 670 | 2120 020 379 .0795{1177| 63 66 11.2 g 5 355 1243 511 1.3 .1652
2- 1150 | 2290 030 637 .0793 13% 9 7 12. 0.0| Looj122 386 | 2.231 .5256
970 | 2290{ 7020 563 .0802| 1 0 7 21, 83.0| 354]12 311 | 1.950 | .1670
8] 1090 | 2490 8040 62 .0799] 1150 9 92 20, 82.0 5& 122 336 2.233 | .2135
9] 1250 | 2490 9010 739 .0820{1130 0 93 20. 83.0| 386[1223 362 | 2.505 | .2655
10} 580 2490f 5030 379 079311177 62 9 16.0 77.5| 3361272 2761 1.397 | L1162
11| 640 j22%0{ 5030 381 .0761] 117 60 7 7.6 &.5 378(1251 3511 1.397 | 2447
12| 550 | 2700 2820 382 .0762|117 5l 108 13.1 .51 3431282 «297 1.)205 142
13{ 720 ] 2700 0 6 .0769{1170{ 5 108 21, 67.0| 330(1278 L2771 1.683 | L1202
U 670 | 2120 0 38 .0766{ 1171 8 22, 66.0] 298|122 . 1.403 | .083
15| 1180 | 2120 3:5:0 61;2 .3296 1173 ?ﬁ 28 21, 69.0 é 1212 %8 2.242 |, ---2
16} 1050 } 2700| 8070 648 .0803[1147] 53 1 2.3 72.0] 340{125L4 293 | 2. ' +1369
17| 1280 | 2700 gs 0 9 .0813] 11371 62 10 6. 77.51 346|12L3 299 2.661 R
18] 1180 | 2120 060 26 077711165 54 58 21.9 71.0[ 350{1223 320 2.239 | ----

"ON YYV VDOVN

¢3HV'l

k]

93



TABLE VI

FIRST LEAST-SQUARES CORRELATION OF ENGINE-COOLING

DATA FROM TABLE V

NATIONAL ADVISURY
COMMITTEE FOR AERONAUTICS

Colum | 1 2 3 L | s 6 7 8 9 1w 1 | 12 13 T 15 16
Yo Oalp Th-Ts
Test R 2 2 .2
s (1b/aec) (1n. water)| Tg= Ty N * * = 7 v : : = v flxe) ° ) °
363 1| 2.22 11.0 0. 0.3617| 0.1206 | 0.3473[-0.1393~-0.4012|-0.4178{ 1.0 1L 1.0845 {0.1938 |-0.3083 }0.3960|-0.0052 0.0000
2 i' 10.3 .333 .29&3 .0833 .2357 -.1223 | -.42371 -.437911.0334(1 0673 .12?1 -.3059 -.ﬁ265 .0036 .oooog
ﬁ L 10. o3l .azzﬁ .ougg 222591 -.1020) -.458Y| -.4737(1.033,)1 0678 .1 -.3059 | -.;632| .00k8| .00002
2.291 11,2 311 1 .02 . -.0732 -.2272 -.5%22|1.0492|1.1008 | .0805 | -.31 -.5116 .ooulé .00002
2 2. 3 12, .3861 .3810{ .1215| .3485) - -3y -.észo 1.09341.1955 .19hg -.52@6 -.3106 -.0028 .00001
«950 20, «311| 3810 0841 | .2900] -.1471| -.5072| -.6664]1.3139]1.7263 | 161 -.3889 | -.,5086| .00l4} .00000
8 2.233 20. 23361 Ji592] .121 389 | -.1653| ~.4757] ~.623)1.3160/1.7319 ] .1 -.38 -0i76 .0026( .00001
13 2,503 22. 362 5236 .1583 +3985| -.1759| - 4J13| -.5798|1.3139 1.7262 .2ggﬁ - 835 -.ﬁﬂsg .0067| 00004
1.397 16.0 L2761 A8 0211 .1Ls52] -.0812 -.35 1] -.6732|1.2041)1.4;99 | .0810 -.526 -.5569| ~.0022| .00000
i% 1.397 7.6 .351| .1279| .0211 | L1452 -,0660( -.[BL7| -.4005] .8808 .773 L0810 | -.2607 | -.1612| .0065] .0000l
! 1. g; 13.1 297 .16 20216 | 47| -.0776| -.5272| -.5890{1.1173]1.2} % .0821 | -.3307 | -.5301| .0029| ,00001
3| 1.683 21.8 277| «3026] .0511 2261 | -.1261| -.5575| -.7462]1.3385|1.7916 | .1262 | -.3962 | -.5515] -.0060| .O000L
U | 1.403 22. 291 L1983 L0216 4711 ~.0888| -.6038 | -.8141]1.3,83(1.81 .0821 | -.3991 | -.5985] -.00 000
1 g.zhz 21. 3201 Js893| .1229 | 13506 -.1735 -.hgﬁa -.6623[1.3385|1.7 1Y 1956 e -:Egag -20123 100052
! 2.225 ig.g .ggg .;33 .%gz . 5gg -'ézg -.5331 -.Bogg 1.2%32 2'5852 .$952 -,giég -.55ah +0003| .00000
L . » - L] . - - ~a - - - - e e .o -
1 2.239 21.9 .320| 4693 1226 | .35011 -.1732 -.39&3 -.6252 1.3404[1.7967 .13%& -.39 - 23 -.0119 f.gggii
h=17 Swm |5.9326 {14458 | L4.6757 [-2.2653 |-8.375) F10.413; 20,9416 |26LL8) Sum b.ooos 0.00077

= 0.558
22 .0:3% standard deviation = $0.0067
c = -0.2 Probable error = 10.0045

*ON HYV VOVN

2gHYT

4s

s



TABLE VII

FINAL LEAST-SQUARES CORRELATION OF ENGINE-COOLING DATA
NATIONAL ADVISORY o

“ON ¥YYV VOVN

28HV1

FROM TABLE V
COMMITTEE FOR AERONAUTICS
i 3
! Column b 2 3 4 5 6 7 8 9 10 11 12 13 14 15 T 16
W, OgdP T =T .
. a
Test| Run h_af . =2 | x xy v vz T 22 ax bz f(x,z) ) 6°
(1b/sec)} (in. water) Te-Ty
363 112,225 11.0 0.397[0,3617|0.1206|0.3473|-0.1393| -0,4012| -0.4178 1.0414] 1.0845!0.1955 {-0,3175 |-0,3954 |-0.0078|0.00006
2 | 1.944 10.8 o377 | +2983[ L0833] ,2887] =,1223] =,4237] -,4379 1,0334] 1,0679| ,1625] -.3151| -.4240 0003 |0
3]1,669 10.8 o348 | 2299 L,0495| 42225 =,1020| =.4584| ~.4737 1.0334{ 1.0679( .1252 | -,3151| ~-.4613 .0029] 00001
4]1,394 11.2 311 ,1514| ,0208] .1443| =,0732| =-.5072| -,5329 1.0492{ 1.1008( .0812 | =,3199] «.5101 .0029( 00001
5| 2.231 12.4 «386 | 43810( +1215] ,3485] -,1441| -,4134| -.4520 1,0934] 1,1955| 1961} ~-.3334| -.4087 | =,0047| 200002
6{1.950 20,6 «311| ,3810f ,0841} .2900| -,1471] =.5072} -.6664] 1.3139|1.7263| .1632 ] =.4006 ] =,5088 00160
8 | 2.233 20,7 3361 44592 12171 .3489| =.1653| =.4737| -.6234] 1,2160] 1,7319) .1964| -.4012 | -.4762 +0025| ,00001
9 | 2,503 20.6 «362 | 5236 .1588| ,3985| =.1759] ~.4413| -.5798( 1.3139] 1.7268| .2243| -.4006 | -.4477 .0064{ ,00004
10 | 1,397 16,0 «276| 41748] .0211] ,1452| =.0812] =,5591] -+6732) 1.2041| 1,4499| 0817 -.l671 | =.5568 | «.0023| .00001
11 11,397 746 3511 1279 L0211 .1452| -,0660| =.4547| -.40085] .8808| .7758( .0817| -.2R/86 | =.4583 «0036| «00001
12 | 1,403 13,1 o297 1644 .0216| .1471| =,0776]| =.5272} =.5890i 1,1173| 1.2484| .0828| -.3407 | =.5293 002110
13 11,683 21.8 2771 ,30268{ .0511] .2261} -.1261| -.5575{ -.7462{ 1,3385| 1.7916} .1272| -,4081 | -.5523 | -,0052| .00003
14 ) 1.403 22,3 249 | ,1983| .0216f .1471| -,0888{ ~-,6038| -.8141!1,34831,8179| .0828] -,4111| ~.5997 | -.0041| .00002
16 | 2,242 32,5 293 | +5301] .1229| ,3506| ~.1869| =.5331{ =.8060 1.5119|2.2858 .1973| =.4610 | =,5351 «0020|0
n=1
Sum [4,28421,0197 |3.5500 |-1,6958 | =6.8615 |=8,2122116 , 5955{20, 0705 Sum 0,0002]0,00022
& = 0,563
b = ~0.305 Standard deviation = 20,0040
¢ = 0,271 Probable error = %0.0027
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NACA ARR No. L4H23 Figs. 1,2
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Figure l.- Construction curve for graphical correlation of
cylinder-head temperatures, Fuel-alr ratio, 0.08; cooling-
alr pressure drop, 1.2 inches of water. Data taken from

reference 7. (See table I.) NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 2.- Constructlion curve for graphical correlation of
cylinder-head temperatures. Fuel-air ratio, 0.08; charge-
alr flow, 7750 pounds per hour. Dats taken from reference 7.
(See table I.)
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FPigure 3.~ Graphical correlation of cylinder-head temperatures.
P. & W. R-2800 B-serles engine; lmbedded thermocouples.

taken from reference 7.

(See table I and equation (8).)
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NACA ARR No.

Use with

gas temperature

P. & W. R-2800 B-series engine cylinder
Data taken from reference 7.
(See table II and equation (9).)

.- Variation of reference mean effective
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nonaromatic fuel.

with fuel-air ratio.
figures 3 and

Figure 4
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NACA ARR No. L4HZ23 Figs. 5,6
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Figure 5.- Firat least-squares correlation of data that were
correlated graphically in figure 3. (See table III and
equation (13).)
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Fi e 6.- PFilnal least-squares correlation of select data
rom figure 3. (See table IV and equation (1).)
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Flgure 8.- Final least~-squares correlation of miscellaneous

data not adapted to graphical correlation.
and equation (15).)

(See table VII
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